l(2)01810 is a novel type of glutamate transporter that is responsible for megamitochondrial formation
l(2)01810 causes glutamine-dependent megamitochondrial formation when it is overexpressed in Drosophila cells. In the present study, we elucidated the function of l(2)01810 during megamitochondrial formation. The overexpression of l(2)01810 and the inhibition of glutamine synthesis showed that l(2)01810 is involved in the accumulation of glutamate. l(2)01810 was predicted to contain transmembrane domains and was found to be localized to the plasma membrane. By using 14 Clabelled glutamate, l(2)01810 was confirmed to uptake glutamate into Drosophila cells with high affinity (K m = 69.4 μM). Also, l(2)01810 uptakes glutamate in a Na + -independent manner. Interestingly, however, this uptake was not inhibited by cystine, which is a competitive inhibitor of Na + -independent glutamate transporters, but by aspartate. A signal peptide consisting of 34 amino acid residues targeting to endoplasmic reticulum was predicted at the N-terminus of l(2)01810 and this signal peptide is essential for the protein's localization to the plasma membrane. In addition, l(2)01810 has a conserved functional domain of a vesicular-type glutamate transporter, and Arg 146 in this domain was found to play a key role in glutamate transport and megamitochondrial formation. These results indicate that l(2)01810 is a novel type of glutamate transporter and that glutamate uptake is a rate-limiting step for megamitochondrial formation.
INTRODUCTION
Megamitochondria are enlarged round mitochondria which are formed either by fusion of normal mitochondria or by inhibition of cleavage during mitochondrial division [1, 2] . When compared with normal mitochondria, megamitochondria manifest unique characteristics in addition to their enlarged size, such as unfolded and shortened cristae that are confined to the membrane periphery and dense granules that are scattered throughout the enlarged matrix [3] .
Formation of megamitochondria is induced by various conditions such as treatment with drugs, hormonal disturbance, malnutrition, high protein diet, ethanol intoxication, virus infection, and even by exercise [2] . Interestingly, megamitochondria were also found in the brown adipose cells of hibernating animals [4] .
Recently, it was found that the increase of l(2)01810 expression by either the knockdown of SPS1 (selenophosphate synthetase 1) or by the overexpression of l(2)01810 in Drosophila cells resulted in glutamine-dependent megamitochondrial formation [5] . SPS1 knockdown induced the increase of both l(2)01810 and GS1 (glutamine synthetase 1), which led to the accumulation of intracellular glutamine. GS1 is responsible for the conversion of glutamate into glutamine [6] . However, the function of l(2)01810 with regard to megamitochondrial formation has not been determined. l (2) 01810 was originally identified during genome-wide P element insertion mutagenesis. This gene is located on Drosophila chromosome 2. When it was knocked out by P element insertion, the mutant showed lethality during embryogenesis, suggesting that it is an essential gene [7] .
Most intracellular glutamate residues are supplied from the diet and are taken up from the outside of cells by GLUTs (glutamate transporters). GLUTs can be classified into two types according to their subcellular localization: plasma-membrane-type and intracellular-type [8] . GLUTs of the plasma-membrane-type take up extracellular glutamate into the cytoplasm of a cell. EAATs (excitatory amino acid transporters) and cystine/glutamate transporters are typical plasma-membrane-type GLUTs. EAATs have a high affinity for glutamate and their activities are Na + -dependent. Cystine/glutamate transporters are antiporters that normally take up cystine and release glutamate, but when the concentration of extracellular glutamate is high, glutamate can be taken up with a high affinity in a Na + -independent manner [9, 10] . There are two types of intracellular GLUTs, vesicular and mitochondrial GLUTs. These proteins are localized in the membrane of vesicles or mitochondria and play a role in the redistribution of glutamate residues present in the cytoplasm [8] . VGLUTs (vesicular GLUTs) have a low affinity to glutamate and their functions are Na + -independent [8] . The MGLUTs (mitochondrial glutamate transporters) are a subfamily of MCs (mitochondrial carriers) and transport cytoplasmic glutamate residues into mitochondria [11] .
In the present study, we examined the molecular and biochemical properties of l(2)01810 and found that it is a novel type of GLUT. We also found that the increase of intracellular glutamate levels led to glutamine-dependent megamitochondrial Abbreviations used: Cele, Caenorhabditis elegans; CNS, central nervous system; Dmel, Drosophila melanogaster; Drer, Danio rerio; EAAT, excitatory amino acid transporter; ER, endoplasmic reticulum; GFP, green fluorescent protein; GLUT, glutamate transporter; GS1, glutamine synthetase 1; HA, haemagglutinin; Hsap, Homo sapiens; MFS, major facilitator superfamily; Mmus, Mus musculus; MSO, methionine sulfoximine; ORF, open reading frame; PDI, protein disulfide-isomerase; Rnor, Rattus norvegicus; SL2, Schneider cell line 2; SLC, solute carrier; SP, signal peptide; SPS1, selenophosphate synthetase 1; TM4, transmembrane domain 4; VGLUT, vesicular GLUT. 1 To whom correspondence should be addressed (email imbglmg@snu.ac.kr).
formation. Our results suggest that the high glutamate level can serve as a signal for megamitochondrial formation.
EXPERIMENTAL

Materials
Materials were purchased from the following sources: Drosophila SL2 (Schneider cell line 
Vector construction
To express l(2)01810-GFP (green fluorescent protein), dVGLUT-GFP and dEAAT1-GFP fusion proteins, in which GFP is tagged at their C-terminus, the HA portion of pAcl(2)01810-HA, which contains the l(2)01810 sequence originating from the SL2 cell cDNA sequence (GenBank ® accession number JF411011) [5] , was replaced with the GFP ORF (open reading frame) using BamHI and NotI sites. The vector was designated pAcl(2)01810-GFP. pAcdVGLUT-GFP and pAcdEAAT1-GFP were constructed by replacing the l(2)01810 ORF in pAc1(2)01810-GFP with dVGLUT and dEAAT1 ORF respectively, using the following specific primers: dEAAT1, 5 -aagcttgctagccaccatgacgcgacccaaacagga-3 and 5 -aattccggatcctccttcatctcgtggccat-3 ; and for dVGLUT, 5 -aagcttgctagccaccatgaagggtctgacggcgtt-3 and 5 -aagcttagatcttgctgctggtatccctgcgg-3 .
To express the l(2)01810 signal peptide and GFP fusion protein, the l(2)01810 ORF of pAcl(2)01810-GFP was replaced with the putative signal peptide of l(2)01810 prepared by PCR using Pfx DNA polymerase and the primers 5 -aagcttgctagccaccatgacgcaacagccacaatg-3 and 5 -aagcttggatccgtgtaggcattcaggatgg-3 , at the NheI and BamHI sites. The vector was designated pAcl(2)01810SP-GFP (where SP is signal peptide). To express the l(2)01810 SP deletion mutant, DNA fragments containing amino acids 34-496 of l(2)01810 and the start codon at the 5 end were prepared by PCR using the primers 5 -aagcttgctagccaccatgtacacgatgcgcgtctgtct-3 and 5 -aagcttggatccgagctctgctccagaccac-3 and then the ORFs of l(2)01810 in pAcl(2)01810-HA and pAcl(2)01810-GFP were replaced by the truncated fragment using NheI and BamHI sites. The vectors were designated pAc SPl(2)01810-HA and pAc SPl(2)01810-GFP respectively.
Site-directed mutagenesis was performed at Arg 146 and Glu 153 , which are located in the putative domain of l(2)01810, by employing PCR mutagenesis methods using the following primers: for R146A, 5 -tgtgaccgcagttctgatgg-3 and 5 -ccatcagaactgcggtcaca-3 , and for E153A, 5 -ggtctgggcgcgggaaccac-3 and 5 -gtggttcccgcgcccagacc-3 . The resulting fragments were inserted into pAcl(2)01810-HA by replacing the l(2)01810 ORF with the DNA fragment and the sequences were confirmed by nucleotide sequencing. The resulting vectors were designated pAcl(2)01810R146A-HA and pAcl(2)01810E153A-HA respectively. SL2 cell culture, DNA transfection and reagent treatment SL2 cell culture and DNA transfection of SL2 cells were performed as described previously [5, 12] with minor modifications. Briefly, in a single transfection experiment, 2 μg of vector was mixed with 100 μl of dimethyldioctadecyl ammonium bromide (125 μg/ml) and 200 μl of HyQ SFX-Insect medium, incubated for 30 min at room temperature (20 • C), and then added to a well of a six-well plate containing 6×10 6 cells and the cells were incubated for 48-72 h at 25
• C. In co-transfection experiments, 4 μg of PDI (protein disulfide-isomerase)-DsRed {ER (endoplasmic reticulum) marker protein [13] } and 2 μg of pAcGFP or pAcl(2)01810SP-GFP were used. For inhibition of glutamine synthetase activity in SL2 cells, cells were incubated with medium containing 3 mM MSO (methionine sulfoximine) for 3 days.
Mitochondrial staining and confocal microscopy
Mitochondrial staining and confocal microscopy were carried out as described previously [5] with minor modifications. Briefly, 0.5×10 6 cells were plated on to a chambered coverglass 1 day before staining. SL2 cells were incubated with 1 μM MitoTracker Red for 30 min at 25
• C and then washed three times with HyQ SFX-Insect medium. To determine subcellular localization, 1 day after transfection of SL2 cells with vectors that can express GFP fusion proteins, the cells were transferred on to a chambered coverglass. For observation of ER localization, co-transfected cells with a vector that can express DsRed or GFP fusion protein were transferred on to concanavalin A-coated chambered coverglasses. Cells were then observed with a LSM510 confocal microscope (Carl Zeiss) at a 512×512 pixel resolution through an ×63 C-Apochromat objective. Excitation wavelengths were 543 nm for MitoTracker Red and DsRed, and 488 nm for GFP.
Intracellular glutamine and glutamate measurement
Glutamine and glutamate measurements were carried out as described previously [5] with minor modifications. At 3 days after transfection, 3-5×10 7 cells were harvested, washed with ice-cold PBS and extracted with 10 % perchloric acid, followed by centrifugation at 3000 g for 3 min. After neutralizing the supernatants with 5 M KOH, extracts were incubated for 10 min on ice followed by centrifugation at 15 000 g for 3 min. Glutamine and glutamate levels were determined in the final supernatants using the glutamine/glutamate determination kit (Sigma) according to the manufacturer's instructions. Glutamine and glutamate levels were expressed in nmoles/10 7 cells.
Glutamate-and phosphate-uptake assay
The glutamate-uptake assay was performed as described previously [14] with minor modifications. At 2 days after transfection with 2 μg of an appropriate vector, cells were gently washed three times with Hanks balanced salt solution containing 137.9 mM NaCl, 5.33 mM KCl, 0.37 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 and 5.6 mM glucose that had been adjusted to pH 6.8 and incubated with 1 ml of the same medium. L-glutamate (0.1 mM) and 0.165 μCi/ml of L-[U-14 C] glutamate were added to the medium. Incubation was stopped after 10 min by removing the medium and rinsing the cells three times with ice-cold Hanks balanced salt solution. For kinetic studies, glutamate-uptake rates were assessed over a concentration range of 6.25 μM to 1.6 mM unlabelled glutamate plus 0.165 μCi/ml L-[U-
14 C] glutamate. To determine Na + -dependency, glutamate uptake was measured in either standard Hanks balanced salt solution, which contains Na + , or Na + -free medium prepared by replacing NaCl with choline chloride in Hanks balanced salt solution. To measure the inhibitory effect of competitors on glutamate uptake, the uptake assay was performed in medium containing 2 μM L-glutamate and 0.5 mM of competitors such as L-aspartate, L-cystine or Lglutamine.
The phosphate uptake assay was performed as described previously [15] with minor modifications. Cells were gently washed three times with prewarmed (25
• C) phosphate uptake solution (137 mM NaCl, 5.4 mM KCl, 2.8 mM CaCl 2 , 1.2 mM MgCl 2 and 10 mM Hepes/Tris, pH 6.8) and incubated with 1 ml of the solution. KH 2 PO 4 (0.1 mM) and 1 μCi/ml 32 P i were added to the medium. After 10 min, the solution was removed and the cells rinsed three times with ice-cold phosphate uptake solution. Cells were harvested and lysed with 0.5 M NaOH. The radioactivities of lysates were measured with a Tri-Carb 2900TR liquid scintillation analyser (PerkinElmer) and protein concentrations of the lysates were measured using the Bradford method [16] . The uptake of glutamate and phosphate are expressed in nmol/mg of protein per min.
Western blotting
Western blot analysis was performed as described previously [17] with minor modifications. Briefly, 2 days after transfection, cells were harvested and lysed for 30 min on ice with RIPA lysis buffer [50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 % (v/v) Nonidet P40, 0.5 % sodium deoxycholate and 0.1 % SDS, containing 0.1 % protease inhibitor mixture (Sigma; P2714)]. The lysates were centrifuged at 15 000 g for 15 min and the protein amounts in the supernatants were measured as described above. Proteins (20 μg) were separated by SDS/PAGE (10 % gels) and transferred to a Hybond-ECL nitrocellulose membrane. The membrane was blocked with TBST (50 mM Tris/HCl, pH 7.5, 150 mM NaCl and 0.1 % Tween 20) containing 5 % (w/v) non-fat dried skimmed milk powder for 1 h at room temperature and then incubated with an anti-HA antibody (1:20 000) or anti-tubulin antibody (1: 200 000) diluted with 5 % (w/v) non-fat dried skimmed milk powder in TBST for 1 h at room temperature. After washing with TBST, the membrane was incubated with goat anti-mouse IgG (1:10 000) for 1 h at room temperature.
Bioinformatical analyses
To predict the localization and membrane topology, TMHMM, HMMTOP and PSORT II software were used as described previously [13] . The prediction of conserved domains was performed by searching NCBI's CDD (conserved domain database; [18] ) and using the Motif scan program [19] . SP or signal anchor were predicted by using Signal P 3.0 software [20] . To compare the characteristics among different types of GLUTs or their homologues in different model organisms [Dmel (Drosophila melanogaster), Cele (Caenorhabditis elegans), Drer (Danio rerio), Mmus (Mus musculus), Rnor (Rattus norvegicus) and Hsap (Homo sapiens)], the protein sequences were retrieved from the NCBI database; Dmel Eaat1 (NP_723454), Cele glt-5 (NP_496094), Drer SLC1a3 (solute carrier 1a3; NP_997805),
, Mmus aralar1 (NP_766024) and Hsap aralar1 (NP_003696). All amino acid sequences in FASTA format were aligned using ClustalW v.1.8 and the alignment was bootstrapped (1000 replicates; seed = 1000) and phylogenic trees were constructed by UPGMA method using MEGA v.4.0 software [21] .
Statistical analysis
Experiments for the measurements of glutamine and glutamate levels, and glutamate uptake were performed in triplicate. Statistical analyses were performed with the aid of the statistical package program GraphPad Prism 4. To determine the statistical significance of the observed changes in the groups of data, unpaired Student's t test or one-way ANOVA test [significance level (α) = 0.05] followed by Tukey's multiple comparison test were performed.
RESULTS l(2)01810 participates in the increase of the intracellular glutamate level
To assess the role of l(2)01810 in the accumulation of glutamine, l(2)01810 was overexpressed in SL2 cells and the levels of glutamine and glutamate were measured. As shown in Figure 1 (A), the glutamine level in the l(2)01810-overexpressing cells was approximately 2-fold higher than that in mocktransfected control cells. However, treatment with MSO, an inhibitor of GS1, significantly decreased the level of glutamine in l(2)01810-overexpressing cells (more than 2-fold, P < 0.001). In addition, the glutamine levels in mock-transfected control cells also decreased approximately 2-fold by MSO treatment (P < 0.05). These results suggest that the increase in the intracellular glutamine level was dependent on GS1 activity. The overexpression of l(2)01810 increased glutamate levels in SL2 cells by approximately 1.5-fold compared with that in the mocktransfected control cells (P < 0.05). Interestingly, MSO treatment did not decrease the glutamate levels, but rather increased it by 1.3-fold in the l(2)01810-overexpressing cells (P < 0.01). These results clearly indicate that l(2)01810 is involved in the process of glutamate accumulation. Since glutamate is used as a precursor during glutamine synthesis, the inhibition of GS1 activity should result in accumulation of its substrate in the cell. It should be noted that MSO treatment in control cells transfected with the backbone vector did not increase glutamate levels (see Figure 1A) . Therefore it can be concluded that the increase of glutamate levels in the MSO-treated cells where l(2)01810 was overexpressed was solely dependent on the increase of l(2)01810 expression. These results strongly suggest that l(2)01810 is involved in the accumulation of glutamate in the cell.
As reported previously, the intracellular glutamine level is closely related to megamitochondrial formation and the overexpression of l(2)01810 induced megamitochondrial formation [5] . We also examined whether there is any relationship between glutamate levels and megamitochondrial formation. Interestingly, megamitochondrial formation induced by l(2)01810 overexpression was inhibited by MSO treatment ( Figure 1B ). This result indicates that megamitochondrial formation is dependent only on the intracellular glutamine level, but the high level of glutamate in the cell can induce the conversion of glutamate into glutamine by GS1 activity leading to the increase of glutamine levels.
l(2)01810 is a high-affinity GLUT
Glutamate can accumulate in the cell either by increasing its synthesis or by increasing its uptake. Therefore it is necessary to determine whether l(2)01810 is responsible for glutamate synthesis or for transport. To answer this question, we searched for proteins that have high sequence homology with l(2)01810. After a BLAST search of the NCBI database, a phylogenic tree against the homologous proteins was constructed. As shown in Supplementary Figure S1 (at http:// www.BiochemJ.org/bj/439/bj4390277add.htm), the proteins annotated as 'sodium-dependent phosphate transporter' showed the highest homology (70-80 % in similarity) with l(2)01810. Considering that l(2)01810 is involved in glutamate accumulation and that it has high sequence homology with phosphate transporters, we hypothesized that the function of l(2)01810 is to transport glutamate into a cell. To test this hypothesis, we measured glutamate-uptake activity in cells that overexpress l(2)01810. After transfection of SL2 cells with a vector expressing l(2)01810, [ 14 C]glutamate was added to the medium and the radioactivity transported into the cell was measured (see the Experimental section). As shown in Figure 2(A) , the glutamate uptake in the l(2)01810-overexpressing cells (1.73 nmol/mg of protein per min) was increased 11-fold compared with that in control cells (0.16 nmol/mg of protein per min). Since l(2)01810 has high sequence homology with Na + -dependent phosphate transporters, we examined whether it has phosphate transporter activity. However, the phosphate uptake in l(2)01810-overexpressing cells (0.23 nmol/mg of protein per min) did not change significantly compared with that in control cells (0.16 nmol/mg of protein per min), even in the Na + -containing medium.
These results indicate that l(2)01810 functions as a GLUT, not as a phosphate transporter, even though l(2)01810 has high sequence homology with phosphate transporters. Since GLUTs can be classified into two types according to their affinity to glutamate (low-affinity and high-affinity GLUTs), we examined the affinity of l(2)01810 to glutamate. Kinetic parameters such as K m and V max were measured by performing dose-response experiments in l(2)01810-overexpressing cells. As shown in Figure 2 (B), the glutamate uptake occurred in a dosedependent manner in both control and l(2)01810-overexpressing cells and glutamate uptake was saturated at a high concentration (400 μM). Lineweaver-Burk analysis was used to determine V max and K m values. The V max in l(2)01810-overexpressing cells and in the control cells were 2.64 nmol/mg of protein per min and 0.8 nmol/mg of protein per min respectively. The K m value in l(2)01810-overexpressing cells was 69.4 μM. GLUTs such as EAATs are known as high-affinity GLUTs and their K m values are 48-97 μM in EAAT-overexpressing cells [22] , but those of low-affinity GLUTs are greater than 0.5 mM [23] . Since the K m value in l(2)01810-overexpressing cells is similar to that in EAAToverexpressing cells, it can be concluded that l(2)01810 is a highaffinity GLUT.
l(2)01810 is localized to the plasma membrane
As described in the Introduction, GLUTs can be classified into either plasma-membrane-types or intracellular-types according to their subcellular localization [8] . To determine the subcellular localization of l(2)01810, we first analysed the amino acid sequence of l(2)01810 by employing bioinformatical methods. Membrane topology analysis using PSORT II, TMHMM and HMMTOP software predicted with high probability that l(2)01810 contains 9-11 transmembrane domains, suggesting it is a plasma membrane protein. To confirm this prediction, SL2 cells were transfected with a vector that can express the l(2)01810-GFP fusion protein and the subcellular localization of l(2)01810 was examined under a confocal microscope. As shown in Figure 3 , l(2)01810 was found to be localized on the plasma membrane and this pattern is similar to that of dEAAT, which has been known to be localized on the plasma membrane. A minor difference was found between l(2)01810 and dEAAT. Although dEAAT forms smooth ring structures along with the plasma membrane, l(2)01810 forms fuzzy ring structures on the cell surface. In contrast with dEAAT, dVGLUTs were localized to the intracellular vesicles. The dVGLUT result is consistent with observations made by another group [24] . It should be noted that subcellular localization of l(2)01810 is more similar to that of dEAAT than that of dVGLUT, which has a higher sequence homology with l(2)01810 than dEAAT (see the Discussion).
SP of l(2)01810 is important for its localization and function
Since l(2)01810 is localized on the plasma membrane, there is a high possibility that it contains a SP (or signal sequence) for its accurate targeting and membrane insertion [25, 26] . By using Signal P software, we predicted that l(2)01810 has a SP at its N-terminus (amino acid position 1-34). To test whether the predicted SP has the capability to move its cargo protein to the ER, a vector that can express l(2)01810 SP-GFP fusion protein [l(2)01810SP-GFP, see Figure 4A ] was transfected into SL2 cells and the subcellular localization of this protein was observed under a confocal microscope. As shown in Figure 4 (B), l(2)01810SP-GFP fusion proteins were observed in the structures which were completely overlapped with those stained with an ER marker (PDI-DsRed), suggesting that the SP of l(2)01810 facilitates GFP to be expressed on the membrane of the ER and the GFP is localized in the ER (lower panel). However, the control GFP is localized throughout the cell (upper panel). The SP-deleted mutant [ SP l(2)01810-GFP] lost its ability to localize in the plasma membrane ( Figure 4C ). The GLUT activity of the mutant where the signal peptide was deleted [ SP l(2)01810-HA] was lost completely ( Figure 4D ). These results suggest that the SP is required for trafficking and that the localization of l(2)01810 to the plasma membrane is essential for its activity.
l(2)01810 is a novel type of Na + -independent GLUT
Since the plasma-membrane-type GLUTs are either Na + -dependent or independent for their activity [27] , we examined the effect of Na + on the activity of l(2)01810. As described in the Experimental section, the cells overexpressing l(2)01810 were measured for their glutamate-uptake activities in Na + -free medium or standard uptake medium. Glutamate uptake by l(2)01810 in Na + -free medium was similar to that in standard uptake medium suggesting that glutamate transport by l(2)01810 is Na + -independent ( Figure 5A ). It should be noted that the HA-tagged l(2)01810 also showed Na + -independent GLUT activity (see Supplementary Figure S2 at http://www.BiochemJ.org/bj/439/bj4390277add.htm). However, this property is reversed in dEAAT1, which is a plasmamembrane-type of GLUT. Glutamate uptake was decreased to background when measured in Na + -free medium indicating that dEAAT1 is a Na + -dependent enzyme, and this result is consistent with that reported by a previous study [28] .
Since the cystine/glutamate transporter, which is a plasmamembrane-type GLUT, has been known to be Na + -independent and its activity is inhibited by L-cystine (see [8] and references therein), we also examined whether glutamate-transport activity was inhibited by L-cystine. After pAcl(2)01810-HA was transfected, a competitive inhibition assay for glutamate uptake 
Figure 5 l(2)01810 is a Na
+ -independent GLUT which can be inhibited by aspartate (A) l(2)01810 is a Na + -independent GLUT. After 2 days of transfection, glutamate-uptake rates were measured as described in the Experimental section. Closed and open bars indicate Na + -containing and Na + -free medium respectively. The y axis represents the relative glutamate uptake of each sample compared with the mock-transfected cells in Na + -containing medium. Glutamate uptake by the mock-transfected cells was set to 1. The vectors used are shown on the x axis. Mock represents the cells transfected with backbone vector and used as a control. Statistical significance was tested by unpaired Student's t test. **P < 0.01. (B) Inhibitory effect of potential competitors on glutamate uptake. After 2 days of transfection with l(2)01810-expressing vector, the glutamate-uptake assay was performed. The glutamate uptake of control cells (no competitor) was set to 100 %. Statistical significance was tested by one-way ANOVA followed by Tukey's multiple comparison test. **P < 0.01.
was performed by treating the cells with various potential competitive inhibitors (see the Experimental section for details). Surprisingly, L-cystine and L-glutamine did not inhibit glutamate uptake by l(2)01810 ( Figure 5B ). On the other hand, L-aspartate (0.5 mM) inhibited glutamate uptake to 52 % (P < 0.01), and this characteristic is common with that of EAATs. These results show that l(2)01810 has unique biochemical characteristics: Na + -dependency of l(2)01810 is similar to that of cystine/glutamate transporters, but different from that of EAATs; both l(2)01810 and EAATs can be competitively inhibited by L-aspartate, but cystine/glutamate transporters can be inhibited by L-cystine. Therefore it can be concluded that l(2)01810 is a novel type of GLUT.
TM4 (transmembrane domain 4) is required for the activity of l(2)01810
To determine the functional domain of l(2)01810, domain search analysis was performed as described in the Experimental section. As a result, we found that this protein has conserved transmembrane domains found within the MFS (major facilitator superfamily), the largest membrane transporter family. Among the MFS members, the solute carrier 17A (SLC17A) transporter family proteins showed the highest sequence homology with l(2)01810, especially in TM4 (see Figure 6A ). Since Arg 146 and Glu 153 were found to play key roles in the rat VGLUT system [29] , we examined the effect of these amino acid residues of l(2)01810 on glutamate-uptake activity by substituting these amino acids with alanine residues. When the vectors that express mutant l(2)01810 were transfected into SL2 cells, the expression levels of both wild-type and mutants were significantly elevated from the control cells ( Figure 6B ). Glutamate-uptake activity was almost completely lost in the Arg 146 substitution mutant (R146A), whereas the Glu 153 mutant (E153A) showed a decrease in glutamate-uptake activity by half compared with wild-type (P < 0.001; see Figure 6C ). These results indicate that Arg 146 and Glu 153 in TM4 play essential roles during glutamate uptake and TM4 is the functional domain of l(2)01810. We also investigated whether the mutants have the capability of making megamitochondria. As shown in Figure 6 (D), the mutant R146A, which lost GLUT activity, showed no megamitochondrial formation, whereas the mutant E153A, which retained GLUT activity in approximately 50 % of that of wild-type, formed megamitochondria, but the sizes of megamitochondria were smaller than those found in wildtype. These results suggest that megamitochondrial formation correlated positively with glutamate-transport activity of the cell and that l(2)01810 is responsible for this activity.
DISCUSSION
In a previous study, l(2)01810 was found to play a major role in the formation of megamitochondria [5] . However, its function has not been elucidated other than demonstrating that it is an essential protein in flies [7] . In the present study, we further elucidated the function of l(2)01810 in Drosophila by employing bioinformatical, molecular and biochemical methods.
The phylogenetic relationship and physicochemical properties between l(2)01810 and its sequence homologues are summarized in Figure 7 . In terms of amino acid sequence, l(2)01810 has the highest homology with VGLUTs (∼ 27 % in identity) and it also has a conserved domain of VGLUTs (i.e. MFS domain). The major difference between l(2)01810 and VGLUTs is that l(2)01810 is localized in the plasma membrane, whereas VGLUTs are localized in the membranes of vesicles. Although EAATs and xCTs are also localized in the plasma membrane, their sequence homologies with l(2)01810 are much lower than VGLUTs [the amino acid sequence homology between l(2)01810 and EAATs is approximately 3 % and that between l(2)01810 and xCTs is approximately 7%]. In addition, EAATs are Na + -dependent. xCTs are localized on the plasma membrane, Na + -independent, and have a high affinity to glutamate. These properties are also shared with l(2)01810. However, there are two characteristics of xCTs which are distinct from those of l(2)01810, and they are membrane trafficking mechanism and cystine competition. xCTs do not contain a SP and require binding with the 4F2hc (heavy chain of 4F2 cell-surface antigen) for movement to the plasma membrane [30] . Also, glutamate uptake by xCTs can be competitively inhibited by L-cystine (see also [31, 32] ). However, l(2)01810 is not inhibited by L-cystine, but rather by L-aspartate. In addition, although xCTs contain a transmembrane amino acid transporter protein domain, l(2)01810 has an MFS domain. As shown in Figure 7 , l(2)01810 takes a position between VGLUTs and xCTs in the phylogenic tree. Therefore it can be concluded that l(2)01810 has different properties from other known GLUTs. It should be noted that l(2)01810 is annotated as a sodium:phosphate symporter according to FlyBase and has a high homology with the insect proteins annotated as sodium:phosphate symporters, especially CG9254 of Dmel (85 % similarity; Supplementary Figure S1 ). However, l(2)01810 did not show any phosphate transport activity, but showed glutamatetransport activity. Therefore there is a possibility that CG9254 also has glutamate-transport activity. Although orthologues of l(2)01810 are found in other insect species, it remains to be determined whether they have the same properties as l(2)01810. l(2)01810 showed the highest homology (approximately 40 % similarity) with mouse and human SLC17A5 (also named as
Figure 7 Comparison of characteristics between l(2)01810 and other GLUTs
A phylogenic tree was constructed using the amino acid sequences of various GLUTs. Numbers at each node represent the percentage bootstrap value of 1000 replicates. Physicochemical properties marked on the top were obtained by searching the NCBI database for the amino acid sequence; and the conserved domain was observed by running Signal P 3.0 software for SP prediction, and from the references cited for subcellular localization, Na + -dependence and affinity to glutamate. Aa_Trans, transmembrane amino acid transporter protein; IH, inferred from homologues; M, mitochondrial membrane; Mito_carr, mitochondrial carrier protein; ND, not determined; P, plasma membrane; SA, signal anchor; SDF, sodium:dicarboxylate symporter family; V, vesicular membrane. 'High', 'Int' and 'Low' affinity to glutamate were defined as the K m < 100 μM, K m = 100-250 μM and K m > 500 μM respectively. Data for the gene symbols were taken from [22, 28, 30, , as shown in the Figure. sialin) proteins, when searched with NCBI BLAST. However, all SLC17A5 proteins contain a signal anchor instead of a SP (predicted by Signal P software) and they are localized in the late endosome and the lysosome [33] . In addition, both CG4330 and CG4288 were predicted as a Drosophila homologue of SLC17A5 using NCBI HomoloGene. Therefore it appears that there is no homologue of l(2)01810 in mammals.
Unlike any other known GLUTs, which are expressed primarily in the CNS (central nervous system) such as brain, and thoracic and abdominal ganglion, l(2)01810 is not expressed in the CNS, but instead is mainly expressed in the digestive system such as the gut, Malpighian tubule, salivary gland and the reproductive system such as ovaries (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/439/bj4390277add.htm). Since l(2)01810 is expressed mostly in the digestive system and has glutamate-transport activity, it can be assumed that l(2)01810 is required for the transport of dietary glutamate. Generally, the dietary proteins are degraded by digestive enzymes secreted from the stomach, pancreas and small intestine, and the resulting free amino acids are absorbed into enterocytes in the small intestine by various amino acid transporters [34, 35] . When amino acids are used for energy production, toxic ammonia is produced. Ammonia is often converted into glutamate to detoxify ammonia, transported into the liver and finally converted into urea. In insects, the gut and Malpighian tubule belong to the digestive system. The Malpighian tubule is involved primarily in the extraction of metabolic waste and urine synthesis [36] . However, insects do not produce urea to detoxify ammonia, but convert ammonia into uric acid. In this process, glutamate is also used as an ammonium donor [37] .
High levels of glutamate in a cell cause an adverse effect and the excess glutamate is removed by converting it into glutamine. The resulting increased level of glutamine will lead to the formation of megamitochondria. Since the overexpression of l(2)01810 led to megamitochondrial formation, it appears that the glutamate transport or glutamate accumulation is a rate-limiting step for megamitochondrial formation. GS1 seems to serve as a sensor for high levels of glutamate in the cell. The reason why l(2)01810 is expressed abundantly in ovaries, but not in testes, is not clear. One possibility is that l(2)01810 is a maternal gene and, therefore, plays an essential role during early embryogenesis.
The present study shows that the function of l(2)01810 during megamitochondrial formation is to uptake extracellular glutamate into a cell. In addition, this protein is a novel type of GLUT which takes up dietary and metabolic glutamate mainly into nonneuronal cells such as the gut, the Malpighian tubule and even the ovaries. We therefore propose to rename l(2)01810 dietary and metabolic glutamate transporter (DMGLUT). After 2 days of transfection, glutamate-uptake rates were measured in Na + -containing and Na + -free media as described in the Experimental section of the main text. The y axis represents the relative glutamate uptake of each sample. The level of glutamate uptake measured in Na + -containing medium was set to 1.
Figure S3 Expression patterns of Drosophila GLUTs in the adult organs
Tissue-specific expression of GLUTs in Drosophila is drawn as a coloured box. The intensity of each box represents the level of expression. The data were collected from FlyBase (http://flybase.org).
